Abstract Objective: To compare six different parameters described in literature for estimation of pelvic tilt on an anteroposterior pelvic radiograph and to create a simple nomogram for tilt correction of prosthetic cup version in total hip arthroplasty. Design: Simultaneous anteroposterior and lateral pelvic radiographs are taken routinely in our institution and were analyzed prospectively. The different parameters (including three distances and three ratios) were measured and compared to the actual pelvic tilt on the lateral radiograph using simple linear regression analysis. Patients: One hundred and four consecutive patients (41 men, 63 women with a mean age of 31.7 years, SD 9.2 years, range 15.7-59.1 years) were studied. Results: The strongest correlation between pelvic tilt and one of the six parameters for both men and women was the distance between the upper border of the symphysis and the sacrococcygeal joint. The correlation coefficient was 0.68 for men (P<0.001) and 0.61 for women (P<0.001). Based on this linear correlation, a nomogram was created that enables fast, tilt-corrected cup version measurements in clinical routine use. Conclusion: This simple method for correcting variations in pelvic tilt on plain radiographs can potentially improve the radiologist's ability to diagnose and interpret malformations of the acetabulum (particularly acetabular retroversion and excessive acetabular overcoverage) and post-operative orientation of the prosthetic acetabulum.
Introduction
Two-dimensional pelvic radiographs are the standard imaging method for the evaluation of hip pathologies and cup position following total hip arthroplasty (THA) [1] [2] [3] . Despite their inferior accuracy in comparison to threedimensional techniques based on magnetic resonance imaging [4] or computed tomography [5] [6] [7] [8] [9] , plain radiographs are widely used for the initial detection of acetabular rim pathomorphologies [10] [11] [12] and for postoperative determination of prosthetic cup orientation [13, 14] , largely due to the simplicity, availability, and minimal expense associated with acquiring these images. While plain pelvic radiographs are easily obtained, their accurate interpretation is complicated by the wide variability in individual pelvic position relative to the X-ray plate [6, [15] [16] [17] [18] . In THA, increased pelvic tilt (a rotation around the transversal axis, see Fig. 1 ) results in a significant decrease in apparent prosthetic cup anteversion and vice versa [16, 19] . These position variations affect the accuracy of studies correlating cup position to instability, wear, and osteolysis. Furthermore, in native hips without pathomorphological abnormalities, plain pelvic radiographs obtained with the pelvis tilted excessively can lead to the false appearance of a retroverted acetabulum [17, 18] . This can significantly influence the accurate diagnosis of femoro-acetabular impingement (FAI) and affect potential surgical treatment recommendations such as surgical hip dislocation [20] or periacetabular osteotomy [10] .
Pelvic tilt around the transverse axis is difficult to correct for and can vary widely between individuals and between pelvic radiographs taken from the same patient at different times. For example, a range of 67°in individual pelvic tilt measurements in the supine position has been reported [21] . This example demonstrates that a simple and accurate method to correct for this variability would greatly enhance the surgeon's ability to make accurate diagnoses and treatment recommendations and to enable more accurate measurements of critical parameters on plain pelvic radiographs.
Different attempts were made to correlate pelvic tilt with an appropriate parameter on an AP pelvic radiograph. The current study compares six previously described methods of estimating pelvic tilt on plain AP radiographs [15, 17, [21] [22] [23] [24] with the aim of providing the orthopedic surgeon with a simple tool to improve the accuracy of measurements made on plain radiographs.
Material and methods
In our institution simultaneous AP and lateral pelvic radiographs are taken routinely of patients with clinical suspicion of FAI or developmental dysplasia of the hip (DDH) in order to objectify the individual pelvic tilt. This study used these preoperative images of 104 consecutive patients. Each patient was positioned on the X-ray table in a defined manner (Fig. 2 ). There were 41 men and 63 women with a mean age of 31.7 years (SD 9.2 years, range 15.7-59.1 years). The radiographs were taken in 81 patients with FAI and in 23 patients with DDH. Patients with a severely dysplastic hip (Grade IIA and higher, according to Severin [25] ) were excluded, because a high degree of dysplasia is defined by a (sub-)luxation of the femoral head, which would jeopardize the measurement of the parameters described below. The source-to-image distance (SID) was 1.2 m. The central beam was directed to the midpoint between the symphysis and the center between both anterior superior iliac spines (Fig. 2) [17] . The conventional radiographs were then digitized (Diagnostic RRO Plus Scanner, Vidar System, Herndon, VA, USA). Three distances and three ratios were measured by one examiner (MT) and calculated using commercial software (Photoshop 6.0, Adobe, San Jose, CA, USA). These six parameters were (1) the vertical distance between the upper edge of the symphysis and the mid of the sacrococcygeal joint (distance A) [17] , (2) the distance between the upper edge of the symphysis and a line connecting both femoral head centers (distance B) [22] , (3) the vertical distance between the upper edge of the symphysis and a line connecting the lower ends of the sacroiliac joints (distance C) [15] , (4) the ratio between the vertical and the horizontal diameter of the pelvic foramen (ratio C/D) [21] , (5) The ratio be- Fig. 1 Pelvic tilt, δ, is defined as the angle between a horizontal line and a line connecting the upper border of the symphysis with the sacral promontory (PS-SP line) Fig. 2 The radiographic technique of acquiring AP and lateral pelvic radiographs is shown. In the AP direction the central beam was directed to the midpoint between the upper border of the symphysis and the center between both anterior superior iliac spines. The lateral radiograph was centered on the cranial tip of the greater trochanter tween the vertical and horizontal extends of the obturator foramen (ratio E/F) [21] , and (6) the ratio between the vertical extend of the obturator foramen and the distance between the teardrops [24] (ratio E/G) (Fig. 3) .
From each patient, an additional lateral radiograph was obtained without repositioning the patient, with the central beam directed to the upper tip of the greater trochanter [19] (Fig. 2) . Pelvic tilt was measured on the lateral radiographs and defined as the angle between a horizontal line and a line connecting the pubic symphysis with the sacral promontory (PS-SP line) (Fig. 1) [26] [27] [28] . The PS-SP line was chosen because the corresponding landmarks are easily visible on the lateral radiographs. The parameters characterizing the six methods to measure pelvic tilt on AP radiographs were correlated with the tilt measured on the lateral radiographs to determine the best method of estimating pelvic tilt on an AP pelvic radiograph.
Statistical analysis
Correlations were analyzed using the simple linear regression model. Since pelvic dimensions are known to be gender dependent, men and women were investigated separately. Pearson's correlation coefficient r was interpreted as "poor" below 0.3, "fair" from 0.31-0.5, "moderate" from 0.51-0.6, "moderately strong" from 0.61-0.8, and "very strong" from 0.81-1.0 [29] . Gender-dependent differences and differences in pelvic tilt between the FAI and the DDH group were calculated with the MannWhitney U-Test. Differences in standard deviation for tilt between men and women were calculated with the F-test. The significance level was set at a probability of less than 0.05.
Results
None of the analyzed parameters showed a very strong correlation to pelvic tilt. The strongest correlation between pelvic tilt and one of the six parameters for both men and women was found for distance A (Tables 1 and 2 ). The ratio E/F showed the weakest correlation in men, while the ratio E/G showed the weakest correlation in women. Distance A was the only parameter for which a moderately strong correlation could be found both for men and women (Fig. 4) .
Pelvic tilt was statistically significantly higher in women than in men (P=0.006). The mean pelvic tilt was 64.3°for men (SD 5.9°, range 49.8-74.1°) and 67.8°for women (SD 5.7°, range 52.6-82.2°). There was no statistically significant difference in pelvic tilt between the FAI and the DDH group (P=0.163). The variability of pelvic tilt did not differ between men and women (P=0.98).
With one exception (ratio C/D in men), the correlation coefficients were higher for the three defined distances than Fig. 3 The different parameters of pelvic tilt estimation on an AP pelvis radiograph described in the literature and investigated in this study are shown (for explanation, see text) for the defined three ratios for both men and women (Tables 1 and 2 ). Based on the correlation between distance A and pelvic tilt, a nomogram was created that enables the surgeon to estimate the tilt-corrected prosthetic cup version using an AP pelvic radiograph (Fig. 5) . Mathematical derivation of the nomogram is provided in the Appendix. The application of this nomogram requires two steps. First, the radiographic cup version [13] is calculated as usual from the two axes of the projected ellipse using the inverse sinus function [30] : version=arcsin (short axis/long axis). Then, distance A is measured and the corresponding corrected anteversion can be derived from the nomogram (Fig. 5b) .
Discussion
Reliable interpretation of acetabular anatomy and prosthetic cup orientation is only possible if additional information on tilt and rotation of the patient's pelvis is available. The current study compared six different parameters previously described in literature for the estimation of pelvic tilt using an AP pelvic radiograph. The vertical distance between the upper border of the symphysis and the mid of the sacrococcygeal joint turned out to be the most accurate tilt indicator. The ratio between the vertical and horizontal extends of the obturator foramen showed the poorest correlation in men, whereas the ratio between the vertical extend of the obturator foramen and the distance between the teardrops showed the poorest correlation for women. Therefore, it is recommended that distance A be used for tilt estimation on AP pelvic radiographs. Although some of the other parameters described in the literature were proven to vary linearly with pelvic tilt [24, 31] , the presented results show that the reconstruction of the absolute value for both sexes is reliably reproducible with distance A only. A reason for this fact may be that the tilt parameter calibration in previous studies was performed using experimental data of a single cadaveric specimen or a restricted number of samples, whereas this anatomically based comparison study was based on a large patient group.
Theoretically, a ratio between a vertical and a horizontal parameter should be more precise since the individual pelvic size is taken into consideration. Furthermore, a ratio is independent of magnification and SID. Although there may be a justification for the use of a ratio in pediatric orthopedics [32] , it could be demonstrated that linear distances are superior to ratios for pelvic tilt estimation of the adult pelvis. This may be because individual differences in pelvic dimensions could be multiplied in a ratio.
This study has limitations. The correlation of the most reliable parameter (distance A) with pelvic tilt is moderately strong. For the prediction of pelvic tilt by distance A, this means that with a probability of 65%, tilt can be estimated with an accuracy of 3.8°for men and 4.2°for women. Therefore, the presented nomogram allows only a limited accuracy correction of cup version measurement.
For a more precise determination of pelvic tilt, a one-time calibration of distance A with a lateral radiograph is advisable. Then, changes in the patient's pelvic tilt during the longterm follow-up could be calculated by means of the strongly linear correlations described in literature [17] . A prerequisite for the use of the presented calculation is a standardized radiographic technique. An additional concern is that the presented nomogram requires radiographs without patient rotation around the longitudinal axis. The nomogram does not include a correction for pelvic rotation and therefore does not allow for compensation of complex pelvic malpositioning on the X-ray table. In addition, further studies are necessary to validate the presented nomogram.
In the future, computerized methods will help to compensate for pelvic tilt and rotation errors and will provide accurate calculation of prosthetic cup version as well as the tilt-corrected acetabular rim. This will permit more objective, anatomically based information to be derived from an AP pelvic radiograph. The use of distance A as tilt indicator is strongly recommended; if possible, with an additional calibration by means of a lateral radiograph. 
for women. The acetabular cup version, measured on a radiograph that is centered to the body's mid axis, is 5°less than measurements centered over the hip [1] . Therefore, the final formulas for creation of the nomograms are for women. 
